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PREFACE 


There  are  certain  aspects  of  any  study  which  stand  out  as 
particularly  important  to  the  individual  performing  the 
study.  For  me  the  most  difficult  and  rewarding  tasks  were 
chose  involving  the  interpretation  of  results.  The  culmina¬ 
tion  of  years  of  classroom  training  and  lab  experimentation 
is  when  the  student  performs  on  his  own  to  glean  new  and 
useful  information  out  of  a  detailed  experiment.  I  am 
indeed  fortunate  to  have  had  this  opportunity  to  develop  my 
own  skills  and  experience  true  lab  work  first  hand. 

The  support  I  received  during  the  accomplishment  of  this 
work  was  truly  superior.  I  am  grateful  to  my  faculty 
advisor,  Lt  Col  William  F.  Bailey,  for  the  precious  hours  he 
devoted  to  my  understanding.  Also,  to  Capt  Greg  Schneider, 
whose  previous  work  in  gas  discharges  served  as  the  outline 
for  ny  own.  To  Dr.  Alan  Garscaden,  Mr.  Robert  Knight,  and 
Lt  Pete  Hailand  at  the  Energy  Conversion  Branch  of  the  Air 
Force  aero  Propulsion  Laboratory,  for  technical  and  theore¬ 
tical  support,  I  give  my  sincere  thanks.  My  warmest  thanks 
goes  to  ny  mentor,  teacher,  and  Lao  advisor,  Dr  Peter 
bLetzinger,  without  whose  guidance,  patience,  and  under¬ 
standing  L  would  surely  have  failed.  Lastly,  I  would  like 
to  thank  my  wife,  Wanna,  and  ray  two  boys,  DarvL  and  Dennis, 
l or  their  Love  and  support  and  tor  the  unselfish  sacrifices 
they  gave  to  the  completion  of  this  work. 
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Results  of  the  curve  fit  were  inconclusive  for  E/M  be  lot  4 
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dissociation  rate  was  not  determined.  However,  it  was 
confirmed  that  the  dissociation  of  C2f(,  due  to  electron- beam 
pulses  and  gas  discharges  is  not  significant  in  large 
closed-cycle  gas  flow  loops  as  proposed  for  pulsed  power 
switching  if  E/15  is  held  below  13  Townsend. 
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INVESTIGATION  OF  ELECTRON  ATTACHMENT  AND  DISSOCIATION  RATES 
IN  C2F6/CH4  ELECTRIC  GAS  DISCHARGES 

I .  Introduction 

There  is  currently  considerable  interest  in  using 
inductive  storage  devices  for  storing  and  rapidly  transfer¬ 
ring  electrical  energy  to  puLsed  power  systems.  Inductive 
energy  storage  is  attractive  in  pulsed  power  applications 
due  to  the  inductor's  intrinsically  high  energy  storage 
capability  (100  to  1000  times  that  of  comparaole  capacitive 
systems)  [1].  The  increase  in  energy  storage  capability 
translates  into  increased  design  flexibility  and  portability 
for  both  military  and  commercial  pulsed  power  systems.  The 
key  to  using  inductive  energy  discharge  systems,  especially 
for  repetitive  operation  (repetition  rates  >10^  pulses  per 
sec  in  short  bursts)  and  long  lifetimes  (more  than  1  0  3 
bursts),  is  the  switch  used  to  open  the  charging  circuit  and 
transfer  the  stored  power  to  the  using  device. 

One  of  the  most  proraising  contenders  for  fast  repeti¬ 
tive  switching  is  an  electron-oeam  (e-beam)  controlled  dif¬ 
fuse  gas  discharge  switch  operating  at  a  gas  pressure  of  one 
or  more  atmospheres  (see  figure  I).  This  switch  promises  to 
have  the  desirable  switching  characteristics  of  high  current 
conductivity  during  the  on  phase,  very  nigh  impedance  during 
the  off  phase,  fast  switching  action  between  the  on  and  off 
phases,  and  a  Long  Lite  expectancy.  Operation  Degins  when 


an  ionizing  e-beara  is  fired  into  the  gas  between  the 
electrodes.  T  h  e  high  energy  e - b  e  a  m  electrons  cause 
ionization  of  the  gas  creating  a  plasma  which  conducts 
(switch  turn-on  phase)  expanding,  the  fields  about  the 
inductor.  When  the  e-beain  is  turned-off,  the  conductivity  of 
the  plasma  decreases,  due  to  recombination  and  attachment 
processes  (switch  turn-off  phase),  the  fields  about  the 
inductor  collapse,  and  a  large  current  pulse  is  sent  through 
the  load.  It  is  easily  seen  that  the  performance  of  the 
switch  is  strongly  dependent  on  the  gas  mixture  used  in  the 
gas  discharge  chamber. 

It  is  particularly  important  that  free  electrons  be 
quickly  removed  from  the  plasma  during  the  switch  opening 
phase  so  that  the  conductivity  of  the  switch  is  rapidly 
reduced  to  zero  (switch  open),  thus,  transferring  maximum 
pulsed  power  to  the  load  (power  goes  as  the  time  rate  of 
change  in  current).  On  the  contrary,  it  is  desirable  to 
have  as  many  free  electrons  as  possible  in  the  plasma  during 
the  on  phase  so  that  a  h i gh  conductivity  is  maintained. 
Several  gas  mixtures  have  been  <  1 1  v  e  s  I  i  g  .1  1  « •  <  I  which  use  .1 
small  amount  of  attaching  g,as,  whose  attachment  rate  ls 
dependent  on  K/N  (electric  I  ield-lo-nciii  r.il  gas  dons  i  I  v 
ratio),  in  a  relat  ively  large  amount  of  [Mire  buffer  gas  to 
enhance  switching,  operation.  The  K/N  dependent  attaching 
gas  has  a  high  electron  attachment  rate  at  the  high  K/N 
values  experienced  during,  tin*  opening-phase  and  a  inueh  lower 
«>  1  e  c  t  r  ('  n  at  t  a  c  It  in  *>  u  t  r  a  t  e  at  the  1  n  w  K  /  N  vain  e  s 


characteristic  of  the  conducting  phase  of  switch  operation. 
Tlie  io  flowing  work  uai  performed  to  pain  additional 
experimental  Knowledge  concerning,  one  of  the  more  promising 
attaching  gases,  hexaf  1  uoroe thane  C  E  v  F  g )  .  mixed  v;it.h  a 
buffer  gas  of  methane. 

Problem 

The  original  objective  of  this  experiment  was  to  in¬ 
vestigate  the  suitability  of  the  electronegative  (attaching) 
gases  hexaf  luoroethane  (C2F^),  perf  luoropropane  (C-^Fg) ,  and 
tetrafluoro  methane  (CF4)  each  in  a  buffer  gas  of  pure 
methane  as  possible  e-beam  switching  gas  mixtures.  Due  to 
the  time  constraints  imposed,  only  the  attaching  gas  C^Fg  in 
pure  methane  was  experimentally  investigated  for  the  E/K 
range  of  .2  to  13  Townsend  and  for  the  attaching  to  buffer 
gas  ratio  of  0.1  to  755  torr  respectively  (reduced  to  700 
torr  total  pressure).  The  follov:ing  properties  of  the  gas 
were  to  be  investigated  and  compared  to  published  and 
theoretical  results: 

1.  Dissociation  rate  of  the  attaching  gas  as  a 
function  of  discharge  current,  E/h,  and  number 
of  operations. 

2.  The  change  in  composition  of  the  gas  mixture  as 
a  function  of  time  and  discharge  current  using 
a  residual  gas  analyzer. 

3.  The  attachment  rate  of  the  gas  mixture  at  the 
low  E/K  values  of  between  .2  and  13  Townsend. 


As gumptions 

'I  u  aid  in  nat  hena  L  i  cal  lv  modeling  the  cxperiaent, 
certain  assjuptiovis  were  wade  during  the  course  of  this 
experiment.  The  assumptions  are  reasonable  in  light  oi.  pub¬ 
lished  literature  [2:1-23,3:4-9],  and  are  as  follows: 

1.  Electron  diffusion  losses  inside  the  gas  cham¬ 
ber  will  be  assumed  negligiDle  since  the  cham¬ 
ber  is  relatively  large  (on  the  order  of  centi¬ 
meters)  and  the  operational  pressure  of  the 
system  high  (greater  than  1 -atmosphere) 

2.  The  gas  plasma  will  be  assumed  spatially  uni¬ 
form  and  electrically  neutral,  i.e.,  number  of 
electrons  plus  the  number  of  negative  ions  will 
equal  the  number  of  positive  ions.  This  is 
reasonable  since  the  chamber  dimensions  will  be 
much  greater  than  a  Debye  length. 

3.  The  electric  field,  E,  across  the  discharge 
chamber  will  be  assumed  uniformly  distributed 
and  constant  with  time  (except  for  the 
relatively  narrow  cathode-fall  region  discussed 
later)  . 

4.  The  amount  of  gas  removed  from  the  system  for 
sampling  by  an  on-line  residual  gas  analyzer 
w ill  be  assumed  negligible  compared  to  the 
total  gas  in  the  system. 

5.  The  influence  of  the  attaching  gas  on  the  elec¬ 
tron  energy  distribution  function  is  assumed 
negligible  since  the  partial  pressure  of  the 
attaching  gas  is  extremely  small  (less  than 
1/7550)  with  respect  to  the  buffer  gas.  There¬ 
fore,  the  drift  velocity  of  the  gas  mixture  is 
assumed  to  be  that  of  the  buffer  gas,  methane, 
which  is  well  known  [3:1 7,4 j. 

These  assumptions  will  be  more  fully  discussed  in  later 
sections  of  this  report  where  applicable. 


Standards 


Test  runs  were  conducted  at  known  operating  ranges  of 
e-beam  current,  discharge  current,  and  gas  mixtures  to  ob- 


t  i  n  da  t a  i cr  co  r.i  pa  r  i  s  on  w  i  L  h  previously  obtained  results 


using  similar  equipment  .  Also,  tests  were  conducted  v;ith 
pure  methane  in  tile  d  i  {.charge  chamber  over  the  same  oper¬ 
ating  ranp.es  expected  for  the  switch  gas  mixture.  These 
served  as  the  departure  point  from  which  to  begin  the  pro¬ 
posed  experiment  and  gather  new  data. 

Approach 

The  fundamental  approach  was  to  strike  an  e-beam  sus¬ 
tained  discharge  in  a  quartz-lined  stainless-steel  chamber 
within  a  closed-cycle  gas  flow  loop.  Next,  the  discharge 
current  and  discharge  voltage  was  to  be  measured  using  a 
high  speed  programmable  digitizer  and  recorded  using  a 
Hewlett-Packard  9826  computer.  By  maintaining  a  constant  e- 
beam  current,  varying  the  anode-cathode  distance  and  keeping 
the  discharge  current  constant  through  adjustment  of  the 
discharge  voltage  in  the  manner  described  by  Bletzinger 
[5:38],  the  cathode-fall  voltage  was  to  be  determined  for 
each  operating  range  of  interest.  Also,  by  performing  a 
non-linear  least-squares  fit  of  the  electron  density 
equation  [6:4821-4822],  to  the  decay  portion  of  the  recorded 
discharge  current  pulses,  the  attachment  rate  coefficient 
was  to  be  determined  for  a  variety  of  discharge  voltages  and 
e-beam  currents  at  fixed  anode-cathode  distances.  From 
this  reduced  data  a  plot  of  the  attachment  rate  as  a  func¬ 
tion  of  E/N  for  the  range  of  .2  to  13  Townsend  was  to  be 
performed . 
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Two  rut-  thodi;  w e r e  to  be  used  to  determine  the  rate  of 


dissociation  of  the  attaching  gas  as  a  function  ol  time  and 
si^c  of  discharge.  1  h e  first  w as  to  us e  a  residua  J.  gas 
analyzer,  Inficon  IQ-200,  to  detect  the  relative  gas  compos¬ 
ition  at  different  stages  of  operation  and  compute  the 
dissociation  rate  based  on  the  relative  amount  of  selected 
negative  ions  in  the  gas  compared  to  those  present  in  the 
virgin  gas.  The  second  method  v.'as  to  monitor  and  record  the 
discharge  current  curve  at  regular  interval  over  approxi¬ 
mately  300,000  four-microsecond  pulses  at  maximum  e-beam 
current  (1  amp  before  foil)  and  maximum  switch  voltage  (10 
kv).  tiext,  the  attachment  rate  for  each  discharge  current 
pulse  was  to  be  calculated,  as  above,  and  the  change  in 
attachment  over  the  300,000  pulses  computed.  The  rate  of 
change  in  attachment  would  then  be  directly  related  to  the 
dissociation  rate  of  the  attaching  gas. 


Sequence  of  Presentation 

The  presentation  will  start  with  a  general  background 
treatise  to  explain  important  gas  discharge  characteristics, 
such  as  structure,  electron-ion  formation  and  loss  proces¬ 
ses,  and  types  of  chemical  reactions  occurring  within  a 
dense  gas.  Then,  a  theoretical  description  of  the  plasma  in 
mathematical  terms  will  be  reviewed,  where  special  emphasis 
will  be  given  to  specific  theory  used  in  this  investigation. 
Next,  the  experimental  equipment,  set-up,  and  procedures 
will  t>e  discussed  in  detail  outlining  the  peculiarities  of 
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this  particular  experiment  and  some  of  the  difficulties 
encountered  in  its  performance.  Fourth,  the  results  of  the 
investigation  will  be  analyzed  and  compared  with  other 
studies  arid  predicted  results.  Finally,  the  conclusions 
arrived  at  during  the  study  and  the  recommendations  for 
future  studies  will  be  presented. 


li‘"lc_£  p_o'U‘  i  d 


Tnt  Gas  Discharge 


At  atmospheric  pressure,  roosri  temperature  and  in  the 
absence  of  external  forces,  most  gases  are  e  1  ec t r i ca 1 ly 
neutral.  That  is,  in  the  natural  state,  most  gases  contain 
too  few  ions  and  free  electrons  to  conduct  electricity. 
Therefore,  the  gas  must  acquire  additional  charge  carriers 
from  an  external  source  and/or  from  internal  ionization  of 
the  gas  molecules  before  current  conduction  can  occur.  When 
the  number  of  ions  and  free  electrons  increases 
sufficiently,  the  gas  becomes  a  plasma  able  to  conduct 
electricity  when  an  electric  field  is  impressed  across  it. 

A  plasma  is,  in  a  macroscopic  sense,  electrically  neut¬ 
ral  if  two  conditions  are  met.  The  first  condition  for 
electrical  neutrality  is  that  the  plasma  dimensions  be  much 
greater  than  a  Debye  length  or  electrostatic  screening 
distance.  The  Debye  length,  XD,  can  be  calculated  from 


X-D  =  (2kTe€Q)/ (nGez) 


L  7  : 1 59  ]  (2.1) 


where 


Boltznan's  constant  (1.38  x  10~^3  J/°K) 
average  electron  temperature  of  the  gas  (°K) 
electron  number  density  (cm-^) 
permittivity  of  free  space  (8.85  x  10“^  F/cm) 
charge  on  an  electron  (1.602  x  10"^9 


T tie  ('tlicr  condition  for  electrical  neutrality  i "  that 
there  he  many  electrons  within  a  sphere  of  radius  X;;.  For 
the  gas  study  conducted  here  Te  ranged  from  300  to  9000  (.2 
to  1.3  eV)  decrees  Kelvin  and  nfc,  ranged  from  10^  to  10^ 
per  c!3^.  Therefore,  X^  was  1.2  x  10-4  to  2.7  x  10“^  or  much 
less  than  the  smallest  dimension  of  the  discharge  chamber  of 
2.2  cm,  thus  satisfying  the  first  condition.  Also,  within  a 
sphere  of  radius  X^  there  are  greater  than  4  x  1  0 
electrons,  v.'hich  satisfies  the  second  condition  for  a 
neutral  plasma.  Since  the  two  conditions  for  electrical 
neutrality  were  satisfied  for  this  experiment,  the  plasma 
was  assumed  to  be  electrically  neutral  throughout  the 
discharge  region. 

There  are  essentially  three  types  of  gas  discharges  in 
trie  steady  state.  These  are  the  Townsend  or  dark  discharge, 
the  glow  discharge,  and  the  arc  discharge.  During 
ionization  by  the  e-beam,  the  gas  discharge  is  that  of  a 
high  pressure  (>=  1  atm)  glow  discharge  and  its  generic 
features  are  shown  in  Figure  2.  As  seen  in  Figure  2,  the 
cathode-fall  region  is  typically  very  narrow  in  a  high- 
pressure  glow  discharge,  out  plays  a  significant  role  in 
this  study  due  to  the  high  potential  drop  across  the  region. 
The  cathode-fall  region  is  a  result  of  very  large  fields 
(.orders  of  magnitude  greater  than  those  in  the  positive 
column)  due  to  a  high  concentration  of  ions.  The  large 
fields  are  necessary  for  the  emission  of  electrons  by  the 
cathode,  but  because  the  region  is  so  narrow  in  the  axial 
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dirt  ct  loti  ul  n  LDotijmt.-r  ic  jirtrsan.-,  l  t.i-  nuin  contnl-u:  ior.  i: 
in  lowering  sipnif  icant  ly  the  poU.-nt.ial  across  the  pc  s  i  t.  i  vi 
column  rep. ion  (a  range.  of  catiiodt  -  f  ail  potential  s  fro:.,  a  few 
hundred  volt.1'  to  several  thousand  volts  were  experienced  in 
this  study).  lr.  this  study  the  cathode -fall  voltage  was 
as sui'ied  to  be  constant  for  a  constant  e-bean  current  and 
voltage  and  for  a  constant  E/h.  However,  the  cathode-fall 
voltage  is  expected  to  increase  slightly  as  the  conductivity 
of  trie  gas  decreases  following  e-beam  turned  off. 

1  h e  overwhelming  majority  of  space  betv;een  t n e  elec¬ 
trodes  is  made  up  of  the  positive  column  (see  Figure  2). 
Therefore,  it  is  in  this  region  that  most  of  the  eltctron- 
ion-neutral  particle  collision  processes  occur,  such  as 
ionization,  electron  attachment,  and  recombination.  In  the 
positive  column,  the  electric  field,  charge  density,  and 
current  density  are  virtually  constant  in  the  axial  dir¬ 
ection  so  that  nearly  the  entire  region  formed  betv;een  the 
electrodes  is  a  relatively  homogeneous  medium.  It  is  pos¬ 
sible,  however,  for  the  properties  of  the  positive  column 
region  to  become  oscillatory  with  respect  to  axial  distance 
at  certain  values  of  E/N.  This  can  cause  discharge  current 
and  voltage  oscillations  across  the  discharge  [9,10]. 

Fundamental  Processes 

In  a  gas  discharge,  current  is  conducted  through  a 
plasma  from  one  electrical  potential  to  another.  However, 
to  support  a  gas  discharge,  it  is  first  necessary  to  form  a 


pin  si:  a  w  i  t  t:  a  iarfc  iiur  be  r  of  charge-  d  part  ic  It  ion;--  and 
•  '  clti't  rotis  .  This  i  r.  accoDpi  ishe-d  us  j  up,  an  ex  l e-  riio  1  source 

and/or  tnrougn  ic>r.  ixation  of  the  mediur  itself.  'Inis 
section  ’..’ill  describe  the  production  and  loss  processes 
relevant  to  electric  gas  discharges. 

A  simple  circuit  analysis  of  a  gas  discharge  yields  the 
current  density  in  the  axial  direction  as 

j  =  (nfewe+  n_w_  +  n+v+)o:  [  3  :  5  J  (2.2) 

where 

j  =  current  density  in  the  axial  direction 

(amps /cin^  ) 

ne>n_»n+  =  number  density  of  electrons,  positive  and 

negative  ions,  which  are  traveling  with 

components  in  the  axial  direction  ( c tn ” 3  ^ 

We,v_  ,wT  =  drift  velocity  ol  electrons,  positive  and 

negative  ions,  respectively  ( cm/ sec ) 

e  =  electronic  charge  (1  .602  x  10“^  C) 

The  above  equation  assumes  that  the  only  significant  flow  of 
charged  particles  is  in  the  axial  direction  from  one  elec¬ 
trode  to  another.  This  is  reasonable  for  high  pressure 
gases  and  large  chamber  dimensions  as  will  be  seen  later 
during  the  discussion  on  diffusion.  Since  the  force  due  to 
the  charge  on  each  ion  and  electron  are  of  the  same  magni¬ 
tude,  their  dr1' ft  velocities  are  inversely  proportional  to 
their  respective  masses.  Also,  the  drift  velocity  is 
directly  proportional  to  the  time  between  collisions,^,  of 
the  particle.  In  mathematical  form  the  drift  velocity,  w, 
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Tor  each  particle  is  proportional  to  the  ratio  of  to  its 
respective  mass. 

W  <£  Tj/M 

where 

w  =  drift  velocity  of  particle  considered 

M  =  mass  of  particular  particle  considered 
Because  the  time  between  collisions  for  electrons  is  much 
greater  and  their  mass  much  less  than  either  the  positive  or 
the  negative  ions,  wp  will  be  very  much  greater  than  w_  or 
w+.  Therefore,  it  is  assumed  that  the  predominant  current 
will  be  carried  by  electrons  and  the  electron  gain  and  loss 
processes  will  be  the  main  processes  considered  in  this 
report . 

Ionization.  Ionization  is  the  process  by  which  posi¬ 
tive  ions  and  free  electrons  are  produced  in  a  gas.  There 
are  really  two  types  of  gas  discharges  depending  on  the 
primary  type  of  ionization  used,  the  self-sustained  and  the 
externally  sustained  gas  discharges.  In  the  self -sustained 
discharge  the  ionization  of  gas  molecules  is  caused 
primarily  by  the  sustainer  field  (electric  field)  across  the 
gas  and  the  gas  discharge  will  continue  as  long  as  the 
electric  field  is  maintained.  In  the  externally  sustained 
gas  discharge,  an  external  source  of  electrons  is  used  to 
cause  ionization  of  the  gas  and  allow  the  tils charge  to 
occur.  For  either  case,  when  the  rate  of  electron  pro¬ 
duction  through  ionization  drops  below  the  rate  of  electron 


loss  through  such  processes  as  attachment  and  recombination, 
the  gas  discharge  will  cease.  The  externally  sustained  gas 
discharge  is  the  one  used  in  this  study. 

The  external  ionization  source  is  commonly  either 
ultra-violet  radiation  or  an  electron  gun.  The  system  in 
this  study  uses  an  electron  gun.  The  electron  gun  fires  a 
stream  of  electrons,  emitted  from  an  indirectly  heated 
cathode  and  accelerated  to  an  energy  of  175  keV,  through  a 
thin  titanium  foil  into  the  gas  mixture.  The  high-energy 
electrons  ionize  the  gas  molecules  generating  a  large  number 
of  secondary  electrons.  The  secondary  electrons  have 
sufficient  energy  to  ionize  additional  gas  molecules  and 
provide  a  high  number  density  of  low  energy  electrons  and 
positive  ions  in  the  gas  volume.  The  low  energy  electrons 
are  then  accelerated  by  the  sustainer  field  and  when 
sufficiently  accelerated,  can  cause  additional  ionization  of 
the  gas.  The  types  of  reactions  within  a  gas  which  create 
positive  ions  and  free  electrons  as  well  as  those  which 
capture  electrons  and  neutralize  positive  ions  are  portrayed 
in  Table  1. 

In  this  application,  the  discharge  is  operated  in  a  non¬ 
self-sustained  mode;  practically  all  ionization  is  supplied 
by  the  external  e-beam.  Therefore,  the  applied  field-to-gas 
density  ratio  (E/N)  is  always  lower  than  required  for  self- 
sustained  operation.  For  the  high  pressures  of  the  present 
system,  a  s e If - sus t ained  discharge  would  immediately 


Ionization 


A  +  e  -->  A'  +  2e  - Electron  Impact 

A’  +  e  A+  +  2e  -  Electron  Impact 

A"  +  B  -->  A  +  B+  +  e  -  Penning 

Excitation 

A  +  e  A"  +  e  -->  A  +  e  +  hf 

Recombination 

A+  +  B  +  e  -->  A  +  B  -  Three-Body 

AB+  +  e  -->  A  +  B  -  Dissociative 

A+  ■+  e  -->  A  +  hf - Three-Body 

Attachment 

AB  +  e  -->  A"  +  B  -  Dissociative 

2A  +  e  -->  A”  +  A  Three-Body 

Detachment 

A"  +  B  -->  A  +  B  +  e  -  Collisional 

A~  +  hf  -->  A  +  e  -  Photo 


A~+B-->AB+e 


Associative 


Irani,  it  ion  to  an  arc  discharge  and  damage  the  device  if  the 
above  condition  were  not  luet.  However,  the  applied  field 
and  result  ing  E/a  \.t  i  1 1  determine  other  plasma  parameters 
(drift  velocity,  recombination  arid  attachment  rates). 

Recombination.  Recombination  is  a  particularly  important 
de- ionization  process  at  high  pressures  where  electron  and 
ion  velocities  are  relatively  slot;.  At  constant  temperature 
and  pressure,  the  rate  of  recombination  depends  on  the 
number  of  positive  ions  and  negative  ions  or  electrons 
present  in  the  gas.  lor  the  present  system,  the  number  of 
positive  ions  is  assumed  equal  to  the  number  of  electrons 
and  negative  ions,  as  stated  earlier.  Where  the  number  of 
electrons  is  much  larger  than  the  number  of  negative  ions, 
recombination  is  essentially  a  function  of  the  square  of  the 
electron  number  density,  n e .  Just  as  ionization  was 
dependent  on  the  value  of  E/N,  so  too  is  recombination.  The 
attaching  gas  in  the  mixture  considered  here  is  a  very  small 
portion  of  the  overall  gas  density  (1/7550)  and  so  is  expec¬ 
ted  to  play  only  a  minor  role  in  the  recombination  process. 
Therefore,  the  recombination  rate  is  assumed  to  be  the  same 
as  that  for  a  pure  methane  gas,  which  has  been  calculated  by 
Kline  [3:19],  The  recombination  rate  as  a  function  of  E/N 
presented  in  Figure  3  is  the  original  rate  predicted  by 
Kline  multiplied  by  a  factor  of  1(1  as  suggested  by 
Bletzinger  1.11:83]  and  later  supported  by  Kline  [1  2:230], 

The  recombination  process  in  a  gas  discharge  is  usually 
in  three  forms  as  shown  in  Table  I.  As  shown,  the  kinetic 


anc!  [K'lt  nt  ia ]  energy  (of  ionisat  ion)  must  ;>t-  y,i  vtn  either  Lo 
radiation,  at.  in  radiative  recombination,  or  to  a  third 
body,  or  to  dissociation.  Tne  recombination  processes  have 
b  e  e  n  p  r  e  sent  e  d  in  j\rcai  detail  in  p  r  evio  u  s  works  [<4:13-19, 
11:83]  and  w  i  1 1  be  discussed  further  only  v.'hen  required  t  o 
explain  other  processes  tore  germane  to  this  stud’/. 

Attachment.  Frequently  charged  particles  are  assumed 
to  be  either  positive  ions  or  electrons.  Indeed,  for  this 
study  the  predominant  charged  particles  are  assumed  to  be 
positive  ions  and  electrons.  However,  in  certain  gases 
electrons  can  combine  with  neutral  atoms,  or  molecules,  to 
form  negative  ions  and  reduce  the  number  of  electrons  in  the 
discharge.  Electronegative  (attaching)  gases  exhibit  this 
property.  In  such  gases,  the  atoms  have  their  outer  elec¬ 
tron  shells  nearly  filled  and  thus  have  a  high  attraction 
for  electrons.  The  perf luorocarbons  are  one  of  the  groups 
of  gases  that  are  strongly  electronegative.  The  perfluorc- 
carbcn,  hexaf luoroethane ,  is  the  subject  of  this  investiga¬ 
tion. 

The  process  by  which  an  electron,  colliding  with  a 
neutral  particle,  forms  a  negative  ion  is  called  attachment. 
The  attachment  cross  section  for  perf luoroethane  is 
presented  in  Figure  4.  Alternatively,  the  attachment  rate 
coefficient,  ka,  may  be  used,  which  is  the  fraction  of 
attaching  molecules  that  undergo  attachment  per  sec  with 
units  of  cm-^/sec.  Chr i s tophor ou  measured  the  attachment 
rate  of  per f luoroethane  and  other  perf luorocarbons  in 


Electron  Energy,  E,  (eV) 


Attachment  Cross  Section  for  Perf luoroethane 
[13:6155] 


Methane  as  a  function  of  average  electron  energy  using  swarm 
studies  [13:6155-6156].  IIov;ever,  his  raeasurenents  didn't 
extend  to  lower  average  electron  energies  [below  1  .2  eV  for 
6215)  and  didn't  use  the  large  electron  densities 
characteristic  of  e-bearn  switches,  as  is  the  intent  of  the 
current  work. 

The  affinity  for  an  electron  by  an  electronegative 
particle  is  measured  in  electron  volts  (eV)  and  is  normally 
on  the  order  of  1  eV.  This  energy  plus  the  kinetic  energy 
of  the  electron  must  be  dissipated  during  an  attachment 
event.  This  may  be  done  through  radiation  or,  as  shown  in 
Table  1,  by  giving  both  energy  contributions  immediately  as 
kinetic  energy  to  a  third  body  or  in  the  case  of  molecules, 
by  dissociation.  The  two  body  dissociative  attachment  is 
the  most  probable  attachment  process  for  the  present  system 
where  both  the  attachment  rate  and  the  dissociation  rate  of 
the  electronegative  gas  are  of  interest. 


Ill  j'hecrv 


In  tni‘  r.  re  1  ion  the  equations  usee  to  predict  the 
performance  c* f  an  e-beam  controlled,  diffuse  pas  discharge 
s  \;  itch  tin  described.  The  appropriate  equations  are 
solved,  based  on  the  assumptions  presented  in  Section  1,  and 
the  predicted  results  given.  Also  presented,  are  the 
theoretical  calculations  used  to  predict  the  dissociation 
rate  of  the  attaching  gas,  C‘2^61  in  a  buffer  gas  of  CH^ . 


Plasma  liodel  ing  Equa  t  ions 

The  transient  and  steady-state  performance  of  an  e-beam 
switch  can  he  predicted  provided  certain  reasonable  assump¬ 
tions  are  made  concerning  the  properties  of  the  plasma 
within  the  switch.  The  assumptions  made  in  this  study  were 
presented  in  the  first  section  of  this  report  and  further 
justified  in  Section  II.  The  use  of  these  assumptions  con¬ 
siderably  reduces  the  complexity  of  the  equations  used  to 
describe  the  gas  discharge.  The  three  differential  equa¬ 
tions  that  model  the  change  in  electron  and  positive  and 
negative  ion  densities  within  the  plasma  as  a  function  of 


u"e/ut  =  b  -  an{,n+  -  pnv  -  av  ii(,  +  zn{ 


dn+/dt  =  S  -  anen+  -  kj_n+n_  +  zn( 


cin_/cit  =  0ne  -  k-jn+n.  -  D 


u  - ' ; 


(3.2) 


(3.3) 


i‘e»n+,n_  =  number  density  of  electrons,  .  positive  and 
negative  ions,  respectively  (cm--*) 

t  =  time  (sec) 

S  =  electron  bean  electron-ion  pair  production  rate 
(sec-1  ) 

a  =  electron- ion  recombination  rate  (cir^/sec) 

/?  =  net  attachment  rate  (sec"'  )  (  =  k„ng ,  where  k£ 

is  the  attachment  coefficient  and  na  is  the 
number  density  of  the  attaching  species) 

o  -  diffusion  coefficient  (cm2/sec) 

z  =  Townsend  ionization  coefficient  (cm-') 

N  =  neutral  gas  number  density  (cm-^) 

=  ion-ion  recombination  rate  (co'^/sec) 

D  =  Detachment  term  (included  in  attachment  term 
during  later  analysis) 

The  assumption  of  spacial  uniformity  in  the  plasma 
implies  that  all  important  properties  for  this  investigation 
apply  uniformly  throughout  the  bulk  of  the  plasma.  Further, 
since  the  electron  current  is  assumed  to  dominate  in  the 
operating  range  of  interest,  the  ionic  currents  will  be 
omitted  in  the  transient  calculations.  In  fact,  the  nega¬ 
tive  ions  will  be  neglected  entirely  in  the  steady-state 
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current  a  n  -i  lysis,  except  a  s  product  s  o  f  dissoci&ti  v  e 
at  ta  chi:;  ent  (nepativt-  ion  current  is  predicted  to  be  below 
the  threshold  current  monitored  in  this  report  and  should 
not  effect  the  experimental  results  obtained).  Also,  the 
number  density  of  electrons  are  assumed  to  equal  that  of 
positive  ions  ne  =  n+  (the  major  contribution  to  electrons 
and  positive  ions  is  due  to  the  e-beam  in  the  form  of 
c le c t ron-pos i t i ve- ion  pairs).  For  the  above  reasons, 
Lq  (3.1)  i? ill  be  used  here  to  describe  the  characteristics 
of  the  plasma  and  will  be  expressed  only  in  terms  of 
electron  charge  carriers. 

As  discussed,  diffusion  losses  will  be  neglected  due  to 
the  high  pressures  and  relatively  large  chamber  dimensions 
involved.  Also,  for  0.1  <  E/N  y  20  Td,  the  range  studied  by 
Duncan  and  Walker  [14],  electronic  excitation,  and  ioni¬ 
zation  by  the  low  energy  (thermal)  electrons  (as  opposed  to 
the  high-energy  e-beam  electrons)  are  negligible.  This  can 
be  verified  by  the  fact  that  ttie  discharge  is  not  self- 
sustaining,  but  instead  rapidly  decays  upon  removal  of  the 
e-beam  current.  These  observations  suggest  that  the  terms 
due  to  diffusion  and  Townsend  ionization  can  be  dropped  and 
since  ne  =  n  + ,  Eq  (3.1)  can  be  rewritten  as 

c  2 

S  -  n 


dim  /  dt  = 


(3.4) 


S  t'  c  t.  i  n  g  thi?  right  side  ui  iiq  (3.4)  equal  to  zero,  the 
s  teadv-stKte  electron  number  density,  n.,0,  can  be  found  to 


leo  =  1-0  +  (02  +  4«S)1/2]/2« 


where  S  is  evaluated  using  the  relation 


s  ~  jeb(i<i1J'ip/eLi)  (dE/dni) 


and  where 


(3.5) 


[6:4822]  (3.6) 


jek  =  electron  beam  current  (Amp  cm-'-) 
u  =  mean  molecular  weight  (g) 
tip  =  mass  of  a  proton  (1  .67329  x  10-2Zfg) 

E j  =  effective  ionization  potential  (Volts) 

ry 

de/dm  =  mean  stopping  power  of  the  gas  (eV  cm^/g) 
[16:117] 

Eq  (3.4)  can  easily  be  integrated  from  e-beam  turn-on  (t=  0, 
ne  =0)  to  t  to  give  the  temporal  variation  of  ne  during 


turn-on 


ne  =  neo  ( 0  +anfc0^ (ExP^€t  +  1) 

(  0  +an  D)  (Exp2  tt:  +  1)  -0 


tanh  (  t 


(3.7) 


where 


*  m  neo  +  t/'1 

and  again  integrating  Eq  (3.4)  from  e-beam  turn-off  (t  =  0, 


rit  =-  neo)  to  t  to  get  the  temporal  Variation  of  n  after 
e-beam  turn-orl 

ne  =  neo^'  t  (aneo  +  ~  aIlco]  (3.8) 

The  actual  value  of  neo  for  a  gas  discharge  can  be  computed 
from  the  practical  equation 

n^,  q  —  1  e)  (  3  •  9  ) 

where 

Ae  =  area  of  the  current  collector  (cr.i~ ) 

VJ  =  drift  velocity  of  electrons  (cm/sec) 

1^  =  measured  discharge  current  (Amps) 
using  the  results  of  Eq  (3.9)  and  computer  techniques  de¬ 
veloped  by  Bletzinger  [16],  a  least-squares  fit  of  the  decay 
portion  of  an  actual  discharge  current  pulse  can  be  made  to 
Eq  (3.8).  The  results  of  the  fit  are  the  computed 
recombination  and  attachment  rates  for  the  gas  mixture  based 
on  the  actual  discharge  current  decay  curve  (see  Section  V). 

Dissociation  Rate 

There  are  two  primary  sources  of  attaching  gas 
dissociation  in  this  study.  The  first  is  the  dissociation 
caused  by  high-energy  primary  and  secondary  electrons  from 
trie  e-beam  ionization  source  colliding  with  the  neutral 
species.  The  second  is  caused  by  the  bulk  of  lov:  energy 
(thermal)  electrons  maintained  by  the  sustainer  field.  Both 
sources  of  dissociation  will  be  estimated  based  on  available 
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data  to  tt’tiil'lisii  an  expected  upper  bound  on  the  rate  of 
at  t.acnmg  jv.*.  molecule  dissociation. 

Lj-beap  Induced  Dissociation.  Ionization  of  the  me  than  e 
gas  molecules  as  a  result  of  t  he  e-benri  is  approximately 
equal  to  the  electron  source  term,  S,  which  can  he  calcu¬ 
lated  using  Eq  (3.6).  If  it  is  assumed  that  the  attaching 
gas  molecules  are  ionized  at  only  a  slightly  higher  rate 
(scaled  according  to  the  partial  pressure  of  the  attaching 
gas)  and  that  all  ionization  results  in  dissociation  (worst 
case  condition),  then  the  rate  cf  dissociation  can  be  esti¬ 
mated  t o  be 

kb  =  S(na/K)  (3.10) 

where 

kb  =  molecular  dissociation  rate  due  to  the  e-beam 
(cm~^  sec-1 ) 

na  =  number  density  cf  attaching  species  (cm~^) 

H  =  number  density  of  all  gas  species  (ca“^) 

Thus,  Eq  (3.10)  can  be  used  to  set  an  approximate  upper 
bound  on  the  rate  of  attaching  gas  molecular  dissociation 
due  directly  to  the  e-beam  ionization  source.  Some  of  the 
dissociated  molecules  will  recombine  at  the  high  (>1  atm) 
pressures  used  in  this  study  yielding  an  even  lower  rate  of 
dissociation.  However,  for  switching  applications,  only  the 
net  rate  of  dissociation  and  corresponding  loss  in  electron 
attaching  ability  is  of  interest.  Therefore,  the  net 
dissociation  of  the  attaching  gas  on  a  macro  scale  w  i  1 1  be 
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calculated  using  the  relation 


lt(1  =  na(2/m)1/^/f(E,E/E)£ad(E;dE 


(3.11) 


f(£,E/K)d  =  fraction  of  electrons  in  an  energy  range 

d£  about  energy  E  for  a  specific,.,  E/11 
normalized  by  dividing  through  by  E1^ 

n.,  =  number  density  of  attaching  species 

(C!Vi‘J) 

m  =  mass  of  an  electron  (9.11  x  1C-*^  g) 

<?d(E)  =  total  dissociation  cross  section  of  the 
attaching  gas  molecule  (cm/)  [17:1425] 

E  =  electron  energy  (eV) 

kd  =  dissociation  rate  due  to  low  energy 
discharge  electrons  (cm-3  sec-1' 

Since  the  gas  mixture  used  here  is  over  59.95  per  cent 
netnane  the  electron  distribution  function  as  a  function  of 
E/11  for  the  gas  mixture  will  be  essentially  the  same  as  that 
for  methane.  This  distribution  has  been  calculated  using 
Boltzmann  statistics  and  is  presented  in  the  next  section 
for  the  maximum  E/K  possible  in  this  study. 

Cat node- Fa 1 1  Voltage 

The  eatnode-fall  voltage  is  a  function  of  e-beam  cur¬ 
rent,  discharge  current,  gas  type  and  pressure,  secondary 
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emission  coefficient  of  trie  cathode  material  plus  other  less 
significant  parameters  [16].  Due  to  the  complexity  ot  the 
cathode-fall  voltage  calcula t ions ,  the  cathode-fall  voltage 
will  be  experimentally  determined  using  the  method  advanced 
by  Bletzinger  [5:38]. 


1  ^ 

The  c--  bean  controlled,  fas  discharge,  on/ oi  £  switch 
used  in  inductive  storage  pulsed  power  systems,  must  have  a 
rapid  s w itch-u f:  1  tine-  ( \  1  usee)  and  d e  capable  of  many 
( > 1 0 J )  operations  to  ho  competitive  with  other  h  i  g  h  -  p  o  w  e  r 
switching  systems  [19:2-13].  The  key  to  the  operation  of 
the  switch  is  the  gas  mixture  used  in  the  discharge  chamber. 
The  goal  of  this  experiment  is  to  measure  two  of  the 
properties  desirable  for  the  gas  mixture  used  in  the  switch, 
electron  attachment  and  dissociation  rates  of  the  attaching 
gas.  This  section  will  describe  the  equipment  used  as  shown 
in  Figure  3,  the  procedures  and  rationale  used,  and  some  of 
the  problems  encountered  during  the  experiment. 

Gas  Mixture 

The  gas  mixture  used  in  the  current  system  was  0.013 
per  cent  per f luoroethane ,  G2F6,  with  the  remainder  being 
methane.  The  total  pressure  of  the  gas  was  maintained  at 
atmospheric  pressure  to  coincide  with  the  desired  operating 
pressure  of  systems  which  might  use  the  switch. 

Electron  Gun 

The  present  device  uses  an  e-beam  to  ionize  the  gas 
between  two  electrodes  in  a  closed  cycle  gas  flow  loop, 
thus,  creating  a  plasma  between  the  electrodes.  An  electric 
field,  sustainer  field,  is  established  across  the  plasma  by 
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electron  Analyzer 


Figure  5.  System  Set-Up  for  Tests 


placing  a  h  i  g .  h  -  v  o  1  t  a  g  e  potential  di  tit' re  nee  on  t  he¬ 
el  tetrodes.  The  sustsiner  field  accelerates  lot-  energy 
electrons  freed  by  the  ionizing,  e-beam  and  causes  some:  addi¬ 
tional  ionization,  but  mostly  accounts  for  the  balk  dis¬ 
charge  current  through  the  switch.  The  gas  discharge  is 
only  naintained  during  the  time  the  e-bean  is  on.  1  he  re- 
fore,  the  system  is  said  to  be  an  e-bean  sustained  gas 
discharge  switch.  A  system  of  this  type  has  two  controls  on 
the  gas  discharge  output  (e-beam  current  and  voltage  and  the 
sustainer  field)  and  yields  discharges  that  are  scalable  to 
large  volumes  at  high-pressure. 

The  e-beam  source  used  here  is  an  Energy  Sciences  Inc. 
model  Cb?  175/5/15  Electrocurtain  electron  gun.  It  is  only 
slightly  modified  from  that  used  in  industry  and  is  capable 
of  CW  or  pulsed  operation  up  to  1000  Hz  and  energies  to  175 
keV.  In  operation,  electrons  emitted  from  a  low  work  func¬ 
tion  indirectly  heated  cathode  are  controlled  and  focussed 
by  Pierce  electrodes,  accelerated  by  the  gun  potential  (up 
to  175  kV)  and  passed  through  a  titanium  foil  window  into 
the  target  gas.  The  potential  on  the  Pierce  electrodes 
determines  the  e-beam  current  density,  while  the  gun  poten¬ 
tial  determines  the  energy  of  the  electrons.  The  0.5  rail 
titanium  foil  with  dimensions  of  5  cm  by  15  cm  acts  as  the 
window  separating  the  target  gas  from  the  vacuum  of  the  e- 
beam  section  and  attenuates  approximately  60  per  cent  of  the 


e-beam  current. 

In  the  present  configuration,  the  e-beam  was  operated 


at  17  3  k  V  and  fro  1:1  TOO  Hi  A  to  1  A  p  r  e  f  o  i  1  currents.  P  u  1  s  <• 
rates  were  held  below  5  jr.ilses-ptr-sec  (pps)  arid  pulse 
widths  (pw)  below  70  usee  during  the  investigation  to  t.  ini  - 
mize  discharge  heating  effects.  The  rise  and  tail  tines  of 
the  e-beam  pulse  were  typically  less  than  .8  juste,  (see 
Figure  6).  However ,  after  4-3  hours  of  operation,  the  e- 
beani  pulse  would  suddenly  (over  approximately  20  minutes 
time)  change  shape  with  the  fall  time  increasing  to  1.6 
usee.  This  increase  in  fall  time  could  not  be  tolerated 
since  it  directly  effects  the  rate  of  decay  of  the  discharge 
current.  As  will  t>e  seen  later,  the  decay  portion  of  the 
discharge  current  will  be  used  to  determine  the  electron 
attachment  frequency  of  the  gas.  The  e-beam  pulse  was 
monitored  throughout  the  experiment  to  ensure  that  the  de¬ 
sired  pulse  width,  pulse  shape,  amplitude  and  frequency  v.’ere 
maintained.  Whenever  any  degradation  in  the  pulse  was  ob¬ 
served,  the  experiment  was  temporarily  stopped  and  the 
system  allowed  to  stabilize  before  proceeding.  Approxi¬ 
mately  60-100  thousand  pulses  at  3  pps  were  possible  before 
any  system  degradation  occurred. 

Discharge  Chamber 

The  discharge  chamber  used  in  this  experiment  is  the 
same  as  that  used  by  Schneider  [2:29-33],  except  that  the 
electrode  distance  could  be  very  accurately  varied  using  a 
stepper  motor  driven  micrometer  from  0  to  more  than  3  cm. 


All  experimental  measurements  were  taken  with  the  electrodes 
separated  bv  2.2  cr., ,  except  the  cathode- tall  measurements , 
which  are  discussed  later. 

Elect  rode  Circuit.  The  cathode  was  biased  negatively 
by  a  10  kV  power  supply.  The  voltage  across  the  sustf.iner 
field  electrodes  v:as  supplied  by  a  1  juF,  30  kV  capacitor  in 
parallel  with  the  electrodes.  A  current  limited  regulated 
power  supply  was  used  to  charge  the  capacitor.  This  cir¬ 
cuit  allowed  operation  at  the  high  E/N  values  required, 
while  still  providing  arc  discharge  protection. 

Closed-Cycle  Gas  Flow  Loop 

The  closed-cycle  gas  flow  loop  is  connected  to  the 
discharge  chamber  by  bellows  ducting  and  flanges  with  knife- 
edge  seals  at  both  inlet  and  outlet  sections  to  prevent  gas 
leaks.  The  loop  is  constructed  of  15  cm  diameter,  high- 
vacuum,  stainless  steel  ducts  connected  together  by  metal 
seal  flanges.  The  total  volume  of  the  loop,  computed  to  ho 
44.7  liters,  was  sealed  off  from  the  e-beam  source  by  a  thin 
titanium  foil  and  was  capable  of  pressures  down  to  10“^ 
torr.  It  was  routinely  pumped  down  to  10"^  torr  during  the 
course  of  this  investigation  to  eliminate  sources  of  gas 
contamination  prior  to  infusion  of  the  test  gas. 

Gas  Evacuation  and  Filling.  Evacuation  of  the  loop  was 


accomplished  by  two  stages  of  pumps.  The  first  pumping 
system  was  a  large  general  purpose  pump  capable  of  pumping 
the  system  dov;n  to  torr  on  the  external  side  of  a 


second  pump.  The  second  pump  was  a  Ley  bo  Id- Hereto  us  KT450 
turbono lecul a r  pump  which  evacuated  the  loop  througn  an 
ultrahigh- vacuum  valve  down  to  the  10“^  torr  range.  The 
process  of  evacuating  the  loop  required  approximately  48-72 
hours,  but  was  necessary  to  prevent  the  possibility  of 
contaminants  in  the  flow  loop. 

Initial  attempts  to  fill  and  maintain  the  pressure  in 
the  flow  loop  at  atmospheric  pressure  were  unsuccessful  due 
to  a  system  leak.  Through  system  analysis  it  was  decided 
that  the  gas  was  escaping  through  a  large  bellows  valve 
between  the  flow  loop  and  the  evacuation  pumps.  To  alle¬ 
viate  the  problem,  the  following  steps  were  taken  in  filling 
and  operating  the  system  for  each  new  gas: 

1 .  The  valves  were  opened  to  the  vacuum  system  and 
the  loop  evacuated  to  the  10“'  torr  range  or 
below. 

2.  The  valves  were  closed  and  the  system  filled 
with  the  attaching  gas  to  the  desired  partial 
pressure . 

3.  The  Buffer  gas  was  added  to  bring  the  total 
pressure  up  to  the  desired  operating  range. 

A.  The  vacuum  system  was  turned-off  and  the  vacuum 
lines  between  the  loop  and  the  vacuum  pumps 
isolated . 

5.  The  vacuum  line  between  the  vacuum  pump  and 
loop  was  filled  with  nitrogen  to  the  same  pres¬ 
sure  as  the  flow  loop. 

Using  the  steps  outlined  aoove,  the  pressure  in  the  loop  was 
easily  maintained  within  5  torr  of  the  desire  operating 
pressure  for  the  entire  experiment.  Only  gas  of  the  highest 


purity  was 


used,  e.g.,  99.97%-CHA,  99. 7* -Co  Fa. 


Also. 


ext  re  :;h*  care  v.  c. s  t^htn  to  ensure  iio  con  tan  i  nan  t  s  were  a  1- 
1  il  to  enter  through  the  inlet  manifold. 

Cool  ins-  and  Circulation.  The  loop  v?as  cooled  by  a  1  kW 
heat  exchanger  to  renove  the  waste  heat  from  the  discharge. 
A  variable  speed  axial  fan  circulated  the  gas  through  the 
loop  at  flow  speeds  up  to  10  n/s.  The  fan  was  externally 
driven  with  the  drive  mechanics  sealed  from  the  loop  by  a 
f errof luidic  rotary  seal. 

Hass  Analysis 

Hass  analysis  of  the  test  gas  was  performed  using  an 
Ini icon  IQ-200  mass  analyzer.  It  was  hoped  that  the  disso¬ 
ciation  rate  of  the  attaching  gas  and  the  molecular  species 
present  in  the  gas  could  be  measured  using  this  device. 
However,  the  extreme  sensitivity  (>10^  for  the  amplifier 
gain  and  near  maximum  electron  multiplier  voltage)  required 
to  detect  the  attaching  gas  dissociation  products  were  near 
the  limits  of  the  device.  Therefore,  large  fluctuations  in 
the  amplitude  of  the  measured  data  were  experienced.  The 
ions  associated  with  the  attaching  gas  were  observed  and 
identified,  but  the  mass  analyzer  could  not  be  used  to 
determine  the  small  dissociation  rate  expected  in  this 
s  tudv . 

The  mass  analyzer  input  valve  was  located  approximately  1 
meter  down  stream  from  the  discharge  chamber.  Gas  was 
allowed  into  the  mass  analyzer's  sample  reservoir  in  minute 
amounts  through  an  ultra-high  vacuum,  electrically  control- 
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Prior  to  saiiijiiinj’  the  gas  from  ttie  loop,  tin 
Has?  analyzer  sample  chamber  was,  evacuated  down  to  the  1 0“^' 
tort  range  through  another  electrically  controlled,  ultra- 
high  vacuum  valve  using  a  Ley oold-lieraeus  turbo molecular 
pump.  The  gas  pressure  in  the  sample  chamber  could  be 
precisely  set  at  the  same  pressure  (approximately  10”^  torr) 
for  each  gas  measurement  taken,  to  ensure  repeatability. 

Two  methods  were  used  to  extract  the  mass  analyzer  data. 
The  first  method  used  a  table  output  mode  available  on  the 
analyzer  to  monitor  a  maximum  of  10  different  atomic  masses 
(a  complete  description  of  the  operation  of  the  mass  analy¬ 
zer  and  available  outputs  is  available  in  the  equipment’s 
operating  manual)  [21].  Up  to  100  measurements  were  taker, 
for  each  gas  sample  and  the  table  outputs  recorded  using  a 
digital  computer.  The  100  measurements  were  then  averaged 
for  each  atomic  mass  and  a  standard  deviation  computed. 
This  procedure  was  repeated  at  the  beginning  and  end  of  each 
pulsing  session  for  a  total  of  300,000  pulses  of  the  e-beam. 

The  second  method  of  extracting  mass  analyzer  data  was  to 
digitize  the  X-Y  plotter  output  from  the  analyzer  using  a 
Hewlett-Packard  model  3478A  digital  multimeter.  The  mass 
analyzer  was  set  on  analog  mode  and  allowed  a  range  of  0  to 
200  atomic  mass  units  to  be  viewed  at  one  time.  The  analog 
signals  from  the  analyzer  were  transformed  into  digital 
signals  by  the  digital  multimeter  and  recorded  using  the 
Hewlett-Packard  9826  computer.  The  mass  analyzer  analog 
outputs  stored  on  the  9826  computer  are  shown  in  Appendix  C. 
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Dijggnus tic s  aiid  ba_ta  Reduction 

As  d  i  scusstil ,  two  processes  ttre  r.oni  lored  in  this 
invest,  igation,  electron  attachment  and  molecular  dissocia¬ 
tion  of  the  attaching,  gas.  The  electron  attachment  rate  was 
measured  by  monitoring  and  digitizing  the  discharge  current 
pulse,  then  using,  a  computer  to  perform  a  least-squares  fit 
of  tne  decay  portion  of  the  pulse  to  Eq  (3.8).  The  second 
process,  that  of  molecular  dissociation,  also  used  the 
change  in  attachment  rate  to  indicate  the  amount  of  disso¬ 
ciation  that  had  occurred.  Additionally,  an  unsuccessful 
attempt  was  made  to  measure  the  rate  of  molecular  dissocia¬ 
tion  through  mass  analysis.  However,  the  errors  associated 
with  the  mass  analysis  technique  prevented  use  of  the  data 
in  determining  the  relative  dissociation  of  the  attaching 
gas  . 

At tachraent  Rate.  The  discharge  current  used  to  deter¬ 
mine  the  attachment  rate  was  measured  using  a  Pearson  Pulse 
Transformer  Model  411  with  a  sensitivity  of  0.1  V/A.  The 
transformer  coil  was  positioned  around  the  high  voltage 
cable  from  the  1  giF  capacitor  to  the  electrode  and  monitored 
all  of  the  discharge  current  passing  through  the  electrode. 
The  discharge  voltage  was  determined  using  a  high  voltage 
probe.  Both  signals  could  be  input  to  a  Tektronix  model  468 
storage  oscilloscope  or  to  a  Tektronix  model  7912AD 
programmable  digitizer  via  standard  Rf  cables  and 
connectors.  The  accuracy  of  these  devices  are  listed  in 


Appendix  A. 


.  : i «_  tur, 


ase  1 1 1  oscoj't  was  used  t  nruughout  tin-  txi'cr- 


i  ;  ii-iit  £  cr  rie.J  tir.ii  ri'nitoriaf  of  s  y  t:  t  e  m  pariim  t  t-rs  ,  i.e. , 
t  -  r»en:.»  current  pulse,  discharge  current  purse,  end/or  Lire 
disc  he.  rge  voltdv.c .  This  \:;u;  necessary  to  ensure  that  all 
parameters  ctrt-  stabilized  and  accurate  prior  to  sampling  a 
desired  systen.  output.  The  storage  capability  w a s  particu¬ 
larly  important  to  ensure  that  the  e-rear,  pulse  had  not 


changed  during  the  experiment ,  as  mentioned  eui 
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using  the  storage  capability,  the  e-beat:  pulse  could  be 
continually  compared  vitn  one  taken  at  the  beginning  of  a 
measurement  session  and  any  discrepancies  quickly  ictonti- 


tied. 


The  test  data  was  sent  to  tire  programmable  digitizer 
where  it  was  displayed  and  digitized  for  input  to  a  Hewlett- 
Packard  9826  computer.  The  digitizer  provided  up  to  612 
storage  locations,  or  bins,  each  representing  the  amplitude 
ol  the  signal  as  a  function  of  the  horizontal  distance 
across  the  digitizer's  scope  trace.  The  digitized  data  sent, 
to  the  computer  was  stored  on  magnetic  discs  for  later 
analysis.  The  software  used  in  the  computer  to  extract, 
store,  and  analyze  the  digitized  data  was  developed  for 
similar  experiments  by  Bletzinger  [I  6], 

The  process  of  digitizing  and  recording  the  data  on 
magnetic  discs  for  later  analysis  was  a  highly  efficient  and 
accurate  wav  of  retrieving  the  measured  data.  Hot  only 
could  more  experimental  time  be  spent  monitoring  end  adjust¬ 
ing  system  operating  parameters,  but  much  more  flexibility 


a  1  1  o  t  d 


v:  a  v 
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in  anal  \  z  in  g  the  data.  Using  the  computer  the¬ 
be  sealed,  oft set,  overlaved  with  theoretical  or 


other  measured  data,  shifted,  normalized,  and/or  its  vaiut 
accurately  determined  at  any  point.  Also,  the  computer  was 
used  to  calculate  the  cat he de-fall,  compute  neo  from  the 
steady  state  discharge  current,  fit  the  decay  portion  of  the 
discharge  current  to  Lq  (3.8),  and  compute  the  attachment 
and  recombination  rates  based  upon  the  fit. 

The  curve  fitting  procedure  mentioned  previously  to 
calculate  the  attachment  rate  from  the  decay  portion  of  the 
discharge  current  pulse  is  not  a  new  procedure  [2:34-40,16]. 
Schneider  demonstrated  that  errors  of  less  than  1 0V:  can  he 
expected  if  a  sufficiently  long  portion  of  the  decay  curve 
is  used  [2:39-4Uj.  To  achieve  this  accuracy  Schneider  used 
a  ratio  of  initial  (neo)  to  final  (r,g)  electron  number 
densities  of  at  ieast  100  which  was  independent  of  time. 
This  was  the  criteria  used  in  this  study,  except  that  the 
first  usee  of  decay  was  not  used  in  the  curve  fit  procedure. 
In  eliminating  the  first  usee  of  the  decay  curve,  the  major 
source  of  error,  that  due  to  the  slow  e-beam  decay,  was 
minimized  (note:  e-beam  decay  was  approximately  .8  psec). 
Since  the  initial  portion  of  the  current  decay  curve  is 
expected  to  be  recombination  dominated,  little  is  lost  by 
eliminating  this  portion  of  the  curve  in  determining  the 
attachment  rate.  Figure  7  is  a  plot  of  the  decay  portion  of 
a  representative  discharge  current  pulse  overlayed  by  a  plot 
of  to  (3.8)  using  values  for  a ,  0,  and  n  determined  by 
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the  lit  tiny,  routine.  Lining,  the  pructdjrt  jurt  described  the 
uncertainty  in  attachment  rate  is  expected  to  be  less  than 


Molecular  Dissociation.  The  dissociation  of  C«>Fi  f 


ttiis  experiment  was  expected  to  be  less  than  0.1 /c.  This  was 
based  on  theoretical  calculations  as  outlined  in  Section  III 
using  the  gas  ionization  rate,  electron  energy  distribution 
of  Cri^,  and  the  dissociation  cross  section  of  C->F£.  The 
mass  analyzer  was  insensitive  to  such  small  changes  in  the 
amount  of  attaching  gas  present  in  the  gas  mixture.  This 
was  due  to  the  the  extremely  small  fraction  of  attaching  gas 
in  the  m ixture(.0 1 3;',)  which  caused  the  standard  deviation  in 
the  output  of  the  mass  analyzer  to  be  on  the  order  of  80 %  of 
the  mass  reading.  Tnerefore,  the  change  in  attachment  rate 
as  a  function  of  discharge  current,  e-beara  current,  and 
total  discharge  time  was  used  to  gain  some  knowledge  of  the 
rate  of  dissociation.  This  method  assumes  that  the  products 
of  dissociation  are  not  highly  electronegative.  However  in 
reality  gas  products  from  dissociation,  such  as  fluorine, 
may  account  for  a  significant  portion  of  tne  electron 
attachment  and  cause  the  measured  rate  of  dissociation  to  be 
much  lower  than  it  actually  is. 

Another  method,  not  performed  here,  which  may  be  used 
to  measure  changes  in  the  gas  mixture  composition,  is  laser 
spectrometry.  This  method  was  not  used  due  to  non-availabi¬ 
lity  of  equipment,  and  the  complexity  of  the  method.  Also, 
the  low  rate  of  dissociation  indicated  in  theory  and 


substantiated  by  the  lack  of  change  ir:  attachment,  rate, 
suggests  that  dissociation  of  (>>1^  it  not  a  critical  factor 
in  the*  design  of  an  e-beaa  switch  with  relatively  large 
circulating  gas  volumes. 

Cathode-Fall  Voltage .  The  cathode- fall  voltage  was  de¬ 
termined  by  establishing  a  discharge  current  for  a  specific 
combination  of  e-bean  current  and  voltage,  electrode  poten¬ 
tial  difference  and  separation,  and  gas  mixture.  Then  the 
separation  was  changed  while  adjusting  the  electrode 
potential  to  maintain  constant  discharge  current.  In  this 
manner  the  moving  electrode  was  used  as  a  voltage  probe  and 
constant  L/Is  was  roughly  maintained  through  constant 
discharge  current.  A  series  of  five  measurements  of  the 
discharge  voltage  corresponding  to  different  electrode  sep¬ 
arations  were  made  for  each  combinations  of  E/K  and  e-beam 
current.  A  linear  least- squares  fit  to  the  five  measurements 
of  discharge  voltage  was  made  and  extrapolated  to  zero 
electrode  separation  using  the  9326  computer  to  yield  the 
cathode-fall  voltage. 
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V  Kcsu  lt_s  and  An  a  1.  y  sis 

In  Figures  (8)  and  (9)  are  shorn  predicted  discharge 
current  decay  curves  using  Eq  (3.8)  with  neo  equal  to  1.6  x 
1  Q1  ^  cm"^.  Tne  value  of  neo  was  derived  fron  the  measured 
current  density  and  the  known  drift  velocity  at  a.  measured 
E/N  arid  is  characteristic  of  this  experiment.  The  value  of 
neo  used  was  also  computed  using  Eq  (3.5)  of  Section  III. 
This  computed  value  of  ne0  was  within  20%  of  that  derived 
from  the  measured  current  during  the  experiment.  In  Figure 
(3)  recombination  is  held  constant  and  attachment  is  varied; 
in  Figure  (9)  attachment  is  held  constant  and  recombination 
is  varied.  The  effects  of  the  recombination  and  attachment 
rates  and  the  regions  where  they  have  their  most  pronounced 
effect  is  quite  evident.  A  recombination  rate  of  8  x  10"^ 
cm"-*  sec"1  was  expected  based  upon  the  discussion  in  Section 
II.  Also,  attachment  frequencies  of  10^-1  O'*  sec"1  were 
expected  based  upon  swarm  data  by  Chr i s tophor ou  [13:6155- 
6156]  and  e-beam  experiments  by  Bletzinger  [16]. 

The  dissociation  of  C2F^  was  first  estimated  by  assuming 
a  Haxwell-Boltzmann  electron  energy  distribution  (Figure  10) 
folded  with  the  dissociation  cross  section  from  Winters 
[17:26]  (figure  11).  The  resulting  dissociation  rate  as  a 
function  of  mean  electron  temperature  (eV)  is  shown  in 
Figure  12.  Even  at  a  mean  electron  temperature  of  1.5  eV, 
the  dissociation  rate  is  less  than  5  x  lO1^  sec"1.  Thus, 


less  than  2%  of  the  total  attaching  gas  available  in  the 
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flow  loop  vr a ;;  expected  to  dissociated  after  300,000,  ^-^scc 
long ,  gas  discharges  (note:  At  the  naxiiaut:  E / N  the-  m c  a n 
electron  temperature  was  less  than  1.2  eV). 

A  later  Boltzmann  transport  equation  calculation  of  the 
actual,  non-Boltzmann,  distribution  of  electron  energies 
using  methane  cross  sections  (Figure  13)  indicated  a  signi¬ 
ficant  decrease  (several  orders  of  magnitude)  in  the  number 
of  electrons  at  higher  energies  able  to  cause  dissociation. 
Therefore,  it  was  determined  that  the  major  contribution  to 
dissociation  of  the  attaching  gas  molecules  is  from  the  high 
energy  e-beam  electrons.  Using  the  rational  of  Section  Ill 
and  Ea  (3.10),  the  attaching  gas  dissociation  rate  was 
predicted  to  be  less  than  1  0 '  c  m  ~  ^  sec"'  in  the  discharge 
chamber.  The  total  voltine  cf  the  gas  flow  loop  was  44.7 
liters  and  that  of  the  discharge  chamber  alone,  0.165 
liters.  Therefore,  the  percentage  of  expected  to 
dissociate  per  sec  of  discharge  was  less  than  0.05%  sec"'  or 
less  than  0.06%  for  300,000,  4-jjsec  wide  pulses,  at  the 
maximum  operating  conditions  of  this  experiment. 

Cathode-Fall  Measurements 

The  fill  gas  used  to  determine  the  cathode-fall  measure¬ 
ments  was  700  torr  of  1/7550,  C^F^/CH^  gas  mixture. 
Oscillations  on  the  discharge  current  pulse  (see  Figure  14) 
made  constant  E/N  adjustments  very  difficult  for  E/M  greater 
than  3  T^.  Therefore,  to  obtain  the  most  accurate  cathode- 


fall  voltage  possible,  several  measurements  were  made  at 
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each  electrode  separation,  e- beats  current  and  elect  roue 
voltage  used.  Then  the  results  were  averaged,  plotted  and 
lit  to  a  mathematical  equation  using  the  con. outer  and  the 
method  ot  leas t - squares .  The  cathode-fall  voltage  vs 
discharge  voltage  is  shov/n  in  Figure  15  for  e-bean,  currents 
of  400  m A  and  1  A  and  over  the  range  of  discharge  voltage 
from  0  to  9  kV.  It  was  difficult  to  determine  the  exact 
uncertainty  for  the  cathode-fall  measurements;  however,  the 
values  shown  are  expected  to  be  certain  to  within  20%. 

Measurements  in  CH., 

Experiments  using  700  torr  of  pure  CH^  were  conducted  to 
obtain  a  baseline  for  comparison  with  the  proposed  gas 
mixture  in  this  study.  Table  VI,  in  Appendix  C,  lists  the 
atomic  mass  units  (amu)  observed  using  the  residual  gas 
analyser  for  pure  CH^.  Although  some  water  vapor  was  also 
Observed,  it  was  not  listed  in  the  table.  Tables  II  ana 
III,  Appendix  E,  list  the  properties  of  CH^  during  e-beam 
operation  vjith  e-beam  prefoil  currents  at  400  in  A  and  1  A  and 
with  13  different  discharge  voltages  spanning  the  range  of 
the  electrode  power  supply. 

A  plot  of  the  typical  discharge  current  pulse  is  shown  in 
Figure  16  where  it  is  observed  that  the  discharge  current 
effectively  falls  to  zero  within  30  gsec  after  e-bean  turn¬ 
off.  It  is  also  seen  in  Figure  16,  that  the  transition 
between  current  rise  and  fall  is  not  abrupt  as  expected  from 
Lq  (3.8),  but  instead  tends  to  change  slowly  during  the 
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first  0.1  nsec  alter  e-bean  turn- of! .  Tnis  slow  transition 
between  rise  and  tail  is  nose  likely  due  to  the  slow  decay 
in  the  ionizing  e-bean  pulse  as  was  evident  in  Figure  6.  At 
low  E/K  (<  3  T,j)  the  e-beam  current  contribution  to  the 
total  discharge  current  is  significant.  Attempts  to  fit  the 
total  curve  to  Eq  (3.8)  in  this  region  yields  inconclusive 
results  with  a  much  lower  than  expected  (negative  at  very 
low  E/N)  and  8  much  higher  than  anticipated.  This  appears 
to  have  been  the  problem  experienced  in  the  earlier  e-beam 
studies  by  Schneider  [2:44-50].  At  higher  E/M  (>  3  T^)  the 
slow  e-bean  decay  is  less  significant  and  recombination 
rates  in  good  agreement  with  published  literature  were 
obtained  [3:19,12:230].  The  good  agreement  for 
recombination  rates  indicates  that  the  rates  computed  for 
attachment  should  also  be  reliable. 


In  this  study,  the  accuracy  of  the  fitting  procedure  in 
obtaining  the  attachment  rate  was  increased  by  eliminating 
the  first  usee  of  the  decay  curve  before  fitting  it  to  Eq 
(3.8).  Figure  17  is  a  typical  plot  of  the  decay  portion  of 
a  discharge  current  pulse  where  the  initial  portion  of  the 
decay  has  been  ignored  and  the  least-squares  fit  applied  to 
the  remaining  portion  of  the  curve.  £q  (3.8)  is  plotted 
over  the  actual  decay  curve  in  Figure  17  using  the  results 
of  the  fitting  routine  for  a  ,  0 ,  and  neo. 
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FL[;urc  17.  Computer  Fit  to  Excerpted  Currcn 


Fcasuremonts  in  (J^F^/CH^ 

Tables  IV  anJ  V,  in  Appendix  b,  list  the  properties  of 
tne  700  torr  1/751)0,  C^F^/CK^,  gas  mixture  used  in  this 
study.  The  system  operating  conditions  are  the  same  as 
those  used  for  the  pure  Cli/.  experiment,  i.e,  e-beam  prefoil 
currents  of  400  mA  and  1  A  and  discharge  voltages  spanning 
the  range  of  the  electrode  power  supply.  The  analog  results 
from  mass  analysis  are  shown  in  Appendix  C,  both  before  e- 
beara  pulsing  and  after  251,000  e-beam  pulses.  Any  changes 
in  the  amplitude  of  the  masses  observed  between  measurements 
could  be  attributed  to  the  fluctuations  in  the  mass 


analyser's  output  during  the  measurement  of  up  to  80%. 
Therefore  only  the  types  of  ion  species  present  were  of  any 
significant  value.  The  species  present  before  and  after  e- 

I 

beam  pulsing  are  shown  in  Figures  21  thru  32,  in  Appendix  C. 
As  seen,  there  was  no  significant  change  in  the  masses 
present  before  and  after  pulsing.  However,  a  more  sensitive 

| 

device  may  have  given  more  reliable  results,  which  may  have 
shown  the  type  and  amount  of  change  in  the  masses  present. 

At tachraent  Rate  vs  E / K .  Figure  18  shows  the  computed 
attachment  rates  vs  E/N  for  both  the  C2F^/ Ch^  gas  mixture 
and  for  pure  CH^.  At  low  E/N  (<  3  T^)  ,  the  attachment  rate 
appears  to  increase  dramatically,  both  for  the  gas  mixture 


and  for  pure  CH^.  Although  the  increase  might  be  associated 
with  CH4,  it  is  more  likely  that  the  fitting  routine  was 
inaccurate  due  to  the  effects  of  the  e-beam  on  the  discharge 
current  decay  curve.  Also,  as  was  shown  in  Figure  (3)  ol 


ICO?.'  CH4  Ib=.4R,  D=2.2cm,  Fresh  gas 
10{ft  CH4  Ib=lR,  D=2.2cfn,  Fresh  gas 
<1:?550)C2F6/CH4,  Ib=.4fl,  D=2.2cm,  Fresh  gas 


Figure  Plot  of  Attachment  Frequency  vs  F./M  for  Pure  Me.tliane.  and  Vctli.anc  T'1us 

Attaching,  Fas  C,,F.  at  a  Temperature  of  2?A  K  and  Pressure  of  700  Torr 


Section  II,  the  recombination  rate  increases  dramatically  at 
lower  E/N  further  compounding  the  effect  of  the  slow  c -beam 
decay  in  this  region. 

At  higher  E/N  values  (E/'N  >  4  T^) ,  the  attachment  rates 
appear  to  level  out  and  show  a  marked  difference  in 
attachment  between  pure  CH^  and  the  gas  mixture.  Figure  19 
represents  the  discharge  current  for  both  experiments  using 
the  same  operating  conditions.  Again  the  effects  of  a 
higher  attachment  rate  are  observed  by  a  lowering  of  the 
steady-state  current  and  an  increased  rate  of  decay  for  the 
gas  mixture  than  for  the  pure  CH^.  The  attachment  rate  for 
the  C2F^/CH^  gas  mixture  levels  out  at  an  attachment  rate  of 
4.5  x  105  sec"'  which  is  an  order  of  magnitude  higher  than 
expected  from  drift  tube  measurements  [15:1655-1656]. 
However,  the  attachment  rate  of  pure  CH^  at  the  high  E/N 
values  is  1  x  1  0  ^  as  suggested  by  Kline  [3:44]  and 
Bletzinger  [11:83].  Since  the  results  by  Kline  and 
Bletzinger  were  from  e-beam  measurements  similar  to  those  in 
this  study,  the  results  here  for  both  the  pure  gas  and  the 
gas  mixture  are  thought  to  be  reliable.  There  are  at  least 
two  explanations  for  the  difference  between  the  present 
measurements  and  those  in  the  previously  mentioned  swarm 
experiments:  (1)  the  swarm  experiments  were  not  performed 
under  actual  e-beam  switch  conditions,  so  that  high  current 
discharge  effects  on  the  attachment  rate  were  neglected,  and 
(2)  the  apparent  attachment  rate  of  £>2^'b  may  appear  higher 
due  to  chemical  changes  in  the  gas  mixture  from  dissociation 
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or  ionization  into  gas  products  that  arc  highly 
electronegative.,  such  as  fluorine. 

Attachment  Rate  vs  Kuir.ber  of  Switch  Operations.  Figure 
20  portrays  the  attachment  rate  of  the  C2F6/CH4  gas  mixture 
described  above  vs  number  of  gas  discharges  under  the 
following  operating  conditions: 

1  •  L“DG  cUH  prefoil  current  of  1  A 

2.  E-beam  voltage  of  175  kV 

3.  Electrode  potential  difference  of  10  kV 

4.  Electrode  separation  of  2.2  era 

5.  Pulse  width  of  4-jasec 

Except  for  minor  excursions  of  less  than  10%  which  could  be 
attributed  to  equipment  and/or  curve  fitting  errors,  the 
attachment  rate  remained  essentially  unchanged  over  300,000 
pulses.  This  tends  to  confirm  the  prediction  that  the  race 
of  dissociation  due  to  the  operation  of  the  e-beam  switch  is 
negligible  for  large,  circulating  gas-flow  loops. 


V-« 

*— 

r  i 

V 

it 

1! 

i: 

I! 

XJ 

c 

u 

o 

x-j 

i/:- 

ti¬ 

r 

CO 

C 

«_ 

er 

r 

r: 

c 

c,- 

u 

•  • 

xj 

1m 

r — 

V- 

P. 

c 

Z 3 

c 

5 

CJ 

u 

> 

o 

c 

u 

C 

c: 

» 

j- 

ID 

d 

o 

V. 

in 

r- 

+ 

U 

Ui 

C 

LO 

Vj 

• 

o 

OJ 

r; 

if) 

C.v 

> 

•i- 

t  • 

c 

-j 

u. 

r? 

C3 

P' 

OJ 

XJ 

C 

O 

g 

1 SI 

7; 

G 

d 

+ 

UI 

in 

<u 

XJ 

< 

m 

C.J 

in 

« 

ld 

m 

in 

in 

in 

in 

in 

O 

O 

o 

(3 

o 

<3 

a 

C 

G 

G 

p 

•t- 

+ 

+ 

-L. 

+ 

+ 

+ 

+ 

-J 

UJ 

UI 

UJ 

Ui 

UI 

UJ 

UJ 

UJ 

Ui 

U.I 

CD 

co 

rs. 

to 

in 

'j- 

CD 

OJ 

•>< 

G 

(j-oas)  Xouanbajj  ^.uaujqoB^^y 


VI  Conclusion.1;  and  Recommendations 


An  atmospheric  pressure  gas  mixture  of  0.1/753,  C^F^/Cn^ 
in  a  closed-cycle  gas  f lov?  loop  was  subjected  to  e-bear. - 
sustained  gas  discharges  over  an  E/U  range  of  .1  to  13 
lov.’nsend  and  e-beam  prefoil  currents  of  400  mA  and  1  A.  An 
analytic  solution  of  the  electron  lifetime  equation  was  fit 
to  the  current  decay  curve  to  obtain  the  attachment  rate  for 

r 

the  gas  mixture.  The  calculated  attachment  rate  was  5x10 
sec"'  for  the  E/N  range  of  3  to  1  3  Townsend.  However,  the 
attachment  rate  for  .2  to  3  Townsend  was  inconclusive  due  to 
the  effects  of  a  slowly  decaying  e-beam  pulse  on  the  current 
decay.  The  attachment  rate  values  for  pure  methane  obtained 
in  a  similar  way  and  over  the  same  operating  ranges  were  in 
close  agreement  with  previous  gas  discharge  experiments. 
Therefore,  the  attachment  rates  for  the  gas  mixture  are 
expected  to  be  reliable,  although  higher  than  values  ob¬ 
tained  in  swarm  studies. 

The  dissociation  rate  for  the  attaching  gas  was 
determined  not  to  be  significant  for  large  volume  closed- 
cycle  gas  flow  loops.  However,  the  actual  rate  of 
dissociation  was  not  experimentally  determined.  The  primary 
method  used  to  determine  the  dissociation  rate,  using  a 
residual  gas  analyzer,  nad  an  uncertainty  factor  much 
greater  than  the  expected  dissociation  rate.  The  secondary 
method,  monitoring  the  change  in  attachment  rate,  was  more 
reliable  and  indicated  very  little  dissociation  occurring. 


liov.'i'vtr,  it  w  a  s  net  conclusive,  since  sonic  oi  the 
dissociation  products  could  be  highly  electronegative,  such 
as  fluorine ,  which  would  maintain  the  attachment  rate 
artificially.  If  small  dissociation  rates  must  be 
determined  or  real  time  analysis  is  important  for  future 
applications,  then  additional  experiments  using  laser 
spectroscopy  or  a  much  more  sensitive  and  stable  mass 
analyzer  should  be  used. 

The  cathode-fall  voltages  measured  in  this  study  were 
predicted  to  be  accurate  to  within  20/..  The  cathode-fall  is 
a  significant  portion  of  the  discharge  voltage  and  so 
affects  the  value  of  E/N  in  the  positive  column  region,  the 
resulting  drift  velocity  of  electrons,  and  finally  the  value 
of  neo  calculated  for  the  gas.  Therefore,  future  attempts 
should  be  directed  toward  accurately  determining  the 
cathode-fall  voltage  as  a  function  of  E/N  and  addressing  the 
oscillation  problems  encountered  in  the  gas  discharge. 

This  experiment  was  limited  to  a  very  lev/  percentage  of 
( t) -0 1 3%) ,  still  the  current  decay  V7as  fast  enough  to  be 
affected  by  the  e-beau  decay.  Therefore,  either  a  computer 
routine  to  compensate  for  the  e-beam  decay  in  the  fitting 
procedure,  or  a  much  faster  decaying  external  ionization 
source  is  suggested  for  future  gas  discharge  studies. 
Either  of  these  changes  to  the  present  procedure  would  allow 
greater  accuracy  in  determining  the  attachment  and 
recombination  rates  at  low  E/N  values. 


Appendix  A 


Error  Analysis 

Tne  significant  errors  found  due  to  the  mass  analyzer  in 
measuring  the  change  in  gas  composition  have  already  been 
discussed  in  the  body  of  the  report.  Ihe  equipment  errors 
that  propagate  through  the  system  can  be  calculated  using 
error  analysis  techniques,  such  as,  those  presented  by 
Bevington  [21:64].  For  the  present  system  the  errors  due  to 
the  equipment  were  computed  using  the  following  equipment 
error  list: 

1  .  Electrode  area  (  ±  1%) 

2.  Pulse  Transformer  (±  1%) 

3.  Oscilloscope  (  ±2%) 

4.  Digitizer  (±2%) 

5.  Digital  Voltmeter  (.06%  full  scale) 

6.  Plotter  (±0.025  mm) 

7.  Drift  velocity  (  5%) 

Using  the  data  in  the  above  list,  the  worst  case  uncertainty 
for  E/N  would  be  approximately  5%  due  to  equipment. 
However,  since  the  catnode-fall  (see  body  of  report)  was 
accurate  to  only  20%,  the  mean  error  for  E/N  is  approxi¬ 
mately  21%.  For  the  drift  velocity,  the  maximum  error  can 
be  assumed  to  be  the  5%  given  above  plus  the  21%  in  E/N  or 
26%  error.  After  analyzing  the  error  propagation,  it  was 
concluded  that  a  better  way  of  measuring  the  cathode-fall 
should  be  found.  Otherwise,  the  accuracy  of  the  present 


method  tor  obtaining  trie  attachment  ratty  in  e-beam  studies 
may  not  yield  sufficiently  reliable  data  f  o  r  s  o  m  c 
applications  . 

Neglect  inf  the  error  due  to  the  cathode- f all  voltage,  the 
computer  generated  curve  fit  was  expected  to  be  accurate  to 
within  ±  5  .  Therefore,  for  this  study,  the  cathode -  fall 
measurements  determined  through  experiment  were  assumed 
accurate  to  allow  some  point  of  reference  in  calculating  the 
attachment  rates. 


Appendix  is 

Tables  of  Discharge  Data 
TABLE  II 

Gas  Discharge  results  for  CH/+  (e-beaui  current  is  400  nA) 


E/D 

(Td) 

Discharge 

m 

KE112S39 

I  '  s 

is&sn 

Cathode- 

Fall 

(Volts) 

Voltage 

(Volts) 

Current 

(Amp) 

.17 

394 

1  .65 

.19 

.71 

1  1  .9 

321 

.45 

61  1 

10.1 

.34 

2  .48 

1  3.8 

382 

.63 

775 

24.1 

.58 

3  .49 

12.6 

457 

.80 

960 

43.8 

.81 

4.49 

10.2 

557 

.93 

1  1  70 

72.1 

1  .10 

5.53 

8  .42 

674 

1  .1 

1  340 

102 

1  .40 

6.20 

7.79 

762 

1  .38 

1  560 

103 

1  .20 

7.03 

5.58 

858 

2.00 

1980 

1  1  1 

1  .00 

9.16 

3.00 

964 

2.82 

2400 

115 

.94 

10.10 

2.44 

971 

4.97 

3340 

123 

1  .00 

10.00 

1  .38 

831 

7.7b 

5200 

141 

1  .30 

8.73 

1  .04 

1  277 

9.78 

7140 

151 

1  .60 

7.78 

1  .02 

2199 

12.2 

8969 

166 

1  .90 

7.11 

.95 

2800 

TABLE  III 


Gas  Discharge  results  for  CH^  (e-beam  current  is  1  A) 


E/K 

(Td) 

Discharge 

neo 

(xIO13) 

(cnT3) 

Wd 

(xIO6) 

( cm  /  s  e  c  ) 

(x.105) 
(sec-1  ) 

Cathode- 

Fall 
( Volts) 

Voltage 

(Volts) 

Current 

(Amp) 

.20 

391 

3.88 

.316 

15.2 

290 

.31 

579 

20.3 

1.00  i 

15.0 

420 

.49 

756 

49.6 

1  .50 

14.5 

510 

.70 

933 

87.7 

1  .90 

12.6 

580 

1  .08 

1  1  70 

1  32.8 

1  .80 

5.98 

9.94 

620 

1  .36 

1320 

166.4 

2.00 

b  .  94 

10.0 

630 

1  .75 

1  530 

1  70.0 

1  .70 

8.29 

7  .06 

640 

2.56 

1970 

178.5 

1  .50 

9.90 

3.93 

670 

3.24 

2410 

184  .8 

1  .50 

10.40 

2.98 

7  70 

4.00 

3320 

197.7 

1  .60 

10.20 

2.54 

1290 

4.60 

4880 

220.3 

1  .76 

10.10 

2.55 

2550 

7.23 

6660 

242.2 

2.20 

9.00 

2.56 

3000 

1  1  .9 

8450 

265.6 

3  .00 

7.20 

.97 

2425 

TABLE  IV 


Gas  Discharge  results  for  C2 / CH4  (e-bean  current  is  .4  A) 


E  /  i\ 

(Td) 

Discharge 

sum 

smSm 

1 

SHUSH 

Voltage 
( V  0 1 1  s ) 

Current 

(Amp) 

.17 

420 

2.5 

.24 

.86 

18.1 

330 

.38 

560 

9.3 

.38 

2.04 

15.7 

370 

.62 

7  70 

19.4 

.47 

3  .43 

14.0 

460 

.83 

1040 

32.3 

.58 

4.67 

1  1  .5 

620 

1  .02 

1  220 

51  .5 

.75 

5.73 

10.3 

710 

1  .23 

1430 

71  .2 

.91 

6.48 

9.50 

810 

1  .39 

1  570 

89  .4 

1  .1 

7  .03 

9.80 

870 

2.13 

2060 

102 

.89 

9.50 

8.30 

980 

3.02 

2490 

104 

.84 

10.3 

7.50 

960 

5.03 

3380 

1  1  1 

.92 

10.0 

5.70 

835 

7  .82 

5280 

119 

1  .1 

8.70 

5.10 

1  330 

9.72 

7130 

1  25 

1  .3 

7.80 

4.97 

2210 

12.5 

9060 

128 

1  .5 

7.60 

4.70 

2750 

TABLE  V 

Gas  Discharge  results  for  ^F^/CH^  (e-beam  current  is  1  A) 


E/N 

(Td) 

Discharge 

neo 

(xIO1^) 

(cm'^) 

Wd 

(xIO6) 
(cm/ sec) 

Jd 

(xIO5) 
(sec-1  ) 

Cathode- 

Fall 

(Veits) 

nmol 

Current 

(Amp) 

.19 

422 

21  .3 

1  .8 

.97 

18.3 

3 18 

.31 

600 

44.0 

2.2 

1  .67 

14.3 

431 

.52 

813 

71  .2 

2.1 

2.84 

12.4 

534 

.78 

1020 

104.0 

2.0 

4.37 

12.6 

599 

1.11 

1230 

137.0 

1  .9 

6.09 

12.1 

632 

1  .31 

1348 

173.0 

2.1 

6.78 

12.2 

640 

2.67 

2121 

182.0 

1  .5 

10.0 

1  1  .6 

680 

3.22 

2547 

186.0 

1  .5 

10.4 

9.3 

807 

3.73 

3410 

195.0 

1  .6 

10.3 

6.0 

1  393 

4.06 

4516 

201  .0 

1  .6 

10.2 

6 . 1 

2324 

4.95 

5477 

206  .0 

1  .7 

10.0 

5  .8 

2804 

8.29 

7414 

216.0 

2.1 

8.48 

6.1 

2933 

12.0 

9375 

224.0 

2.6 

7.15 

5.2 

2893 

.4 1 TH  SPAN:  4  0  S T  mass:  H)0 
CL.  EXT  MUlT:  3000 


Figure  26 
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